Patterns of Programmed Cell Death in Populations of Developing Spinal Motoneurons in Chicken, Mouse, and Rat  by Yamamoto, Yoichi & Henderson, Christopher E.
1D
w
o
m
T
l
e
o
(
l
T
m
r
f
Developmental Biology 214, 60–71 (1999)
Article ID dbio.1999.9413, available online at http://www.idealibrary.com onPatterns of Programmed Cell Death in Populations
of Developing Spinal Motoneurons in Chicken,
Mouse, and Rat
Yoichi Yamamoto and Christopher E. Henderson1
INSERM U.382, Developmental Biology Institute of Marseille (IBDM), CNRS, INSERM,
Universite´ Me´diterrane´e, AP Marseille, Campus de Luminy, Case 907,
3288 Marseille Cedex 09, France
uring embryonic development, approximately one-half of the spinal motoneurons initially generated are lost during a
ave of programmed cell death (PCD). Classical studies in this system laid the basis of much work on the role and control
f neuronal cell death during development. However, we have little information concerning the timing of cell death in
otoneuron pools at different rostrocaudal levels, especially in rodents. We developed a novel protocol for whole-mount
UNEL labeling that allows apoptotic nuclei to be visualized in whole-mount preparations of embryonic spinal cord; double
abeling with antibodies to Islet 1/2 showed that nearly all TUNEL-positive cells were motoneurons. In chicken and mouse
mbryos, the density of TUNEL-positive nuclei was specifically increased following target ablation. The pattern of naturally
ccurring motoneuron PCD was studied in spinal cords from different species and ages: chick (E4.5–E9.0), mouse
E11.5–E15.5), and rat (E13.5–E16.5). In all species, motoneuron PCD is first apparent at cervical levels and last at sacral
evels. However, motoneuron PCD does not follow a strict rostrocaudal sequence. Following cervical motoneuron PCD,
UNEL profiles are first observed at lumbar levels in chick but at thoracic levels in rat. At a given rostrocaudal level, medial
otoneurons tend to die before lateral populations, but here too there are exceptions. Motoneuron cell death is thus
egulated in a highly stereotyped manner during development of vertebrate spinal cord. Our technique will provide a basis
or the monitoring even localized changes in this pattern. © 1999 Academic PressKey Words: motor neuron; apoptosis; programmed cell death.
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In nearly all neuronal populations, an initial phase of
generation of postmitotic neurons is followed by a phase of
neuronal cell death that results in the elimination of
between 20 and 90% of the initial number, depending on
the class of neurons studied (Oppenheim, 1991). This cell
death is programmed, both in the sense that it occurs at a
reproducible stage of normal development for each popula-
tion and in the sense that in many cases it seems to involve
activation of dedicated cell death machinery in the neurons
that are to die (Henderson, 1996). The influences that
trigger such neuronal programmed cell death (PCD) are still
poorly understood, but probably include both extrinsic and
intrinsic determinants, which may be different in differenti
d
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60ituations (for a review, see Pettmann and Henderson,
998).
The PCD of spinal motoneurons has been particularly
ell studied in the chicken embryo, since the pioneering
ork of Hamburger and Levi-Montalcini (for a review, see
amburger, 1992). In the lumbar spinal cord, motoneurons
egin to be lost at embryonic day 6 (E6); their number
ecomes stabilized at E12 at about 55% of its initial value
nd does not subsequently show significant further alter-
tions (Caldero` et al., 1998; Hamburger, 1975). Interest-
ngly, motoneurons in other regions of chicken spinal cord
ndergo PCD at different times, and different proportions of
hem are lost. In cervical spinal cord, there is an early wave
f motoneuron PCD at E4, before the period of target
ontact, followed by a second wave of PCD, leading to a
otal loss of 85% (Yaginuma et al., 1996). In the wing-
nnervating regions of brachial spinal cord, motoneurons
ie more slowly and their final number only stabilizes at
0012-1606/99 $30.00
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61Patterns of Motoneuron Programmed Cell DeathE15 (Laing, 1982; Oppenheim and Majors-Willard, 1978). In
the sacral spinal cord, nearly 90% of motoneurons are lost
(Oppenheim et al., 1989). Much of this cell death is prob-
bly apoptotic in nature. This is suggested by the morpho-
ogical aspects of cell death (Chu-Wang and Oppenheim,
978), by the fact that many dying motoneurons show
ragmented DNA in shrunken nuclei (Yaginuma et al.,
1996), by the observation that active-site peptide inhibitors
of caspases can significantly reduce motoneuron PCD when
applied in ovo (Li et al., 1998; Milligan et al., 1995), and by
he massive reduction in motoneuron death in Bax2/2
ice (White et al., 1998). Thus, the abundant literature on
motoneuron PCD in chicken demonstrates that motoneu-
rons at different rostrocaudal levels undergo cell death at
times and with rates that are not simply linked to position
on the rostrocaudal axis or to the period of target contact.
However, the relative timing of PCD in different motor
pools has not been systematically studied, although three
motor pools at the lumbar level are known to lose compa-
rable numbers of motoneurons between stage 29 and stage
35 (Lin et al., 1998).
The degree to which these conclusions can be generalized
to other species is not known. Indeed, data on spinal
motoneuron PCD in rodents are considerably less abun-
dant. The period of motoneuron death in lumbar and
thoracic spinal cord of mouse embryos extends from E13 to
E18 and results in the death of 60–67% of the motoneurons
(Lance-Jones, 1982; Oppenheim et al., 1986). In mouse,
White et al. (1998) reported that there were two waves of
PCD in lumbar spinal cord of mouse, first at E12.5 and then
at E14.5. In rat, there is approximately 45% loss at brachial
and lumbar levels between E15 and E19 (Harris and Mc-
Caig, 1984; Oppenheim, 1986). As in chicken embryos, very
little is known about the relative timing of PCD in different
motor pools. This considerably complicates the study of
mouse mutants in which localized effects may potentially
result from mutation of genes that affect motoneuron death
either directly (e.g., cell death genes) or indirectly (e.g.,
neurotrophic factors or their receptors). We therefore de-
cided to develop the techniques necessary for detecting and
studying alterations in cell death patterns even when they
only affect small parts of the spinal cord.
The technique we adapted to this purpose was the widely
used terminal deoxynucleotidyltransferase-mediated dUTP
nick end labeling (TUNEL) technique (Gavrieli et al., 1992).
This involves terminal addition of labeled nucleotides by
terminal deoxynucleotidyltransferase (TdT) to free DNA 39
ends, which are abundant in the nuclei of dying cells
following DNA fragmentation. It has been widely used for
analysis of tissue sections, where it is of particular value for
visualizing rare apoptotic events (Frade et al., 1996; Loo and
Rillema, 1998; Minichiello and Klein, 1996). However, one
problem with the relatively low number of TUNEL-positive
profiles on a typical tissue section is that it is hard to
perceive patterns of cell death. For this reason, we have
focussed our studies on whole-mount preparations of dis-
sected spinal cord, thus allowing simultaneous comparison
Copyright © 1999 by Academic Press. All rightof patterns of PCD at all rostrocaudal levels. We have
compared the embryonic development of chicken, rat, and
mouse and show that although there is a general rostrocau-
dal and mediolateral gradient to the pattern of cell death in
all three species, there are multiple exceptions to this rule.
Thus, the molecular and cellular complexity of the mo-
toneuron population may be reflected in the timing of PCD,
and the whole-mount TUNEL technique provides a means
of detecting and monitoring changes in the pattern of cell
death that are not general to the whole population.
MATERIALS AND METHODS
Embryonic stages and strains. For chicken, White Leghorn
fertilized eggs were placed in a humidified incubator maintained at
37°C until they reached the desired age. For rat and mouse,
Sprague–Dawley rats and Swiss mice were used. The morning on
which a vaginal positive plug was observed was taken as embryonic
day zero (E0).
Whole-mount TUNEL labeling. Spinal cords were dissected
free from meninges in cold PBS and were fixed in 4% paraformal-
dehyde in PBS containing 0.1% Tween 20 with rocking for 2 h at
4°C, except for E11.5 mouse and E13.5 rat (30 min, 4°C). The spinal
cords were washed three times with PBS, dehydrated through a
graded ethanol/PBS series at room temperature, and stored in 100%
ethanol at 220°C. The spinal cords were then rehydrated through
graded ethanol/PBS into PBS and incubated in ApopTag equilibra-
tion buffer (Oncor) for more than 5 min at room temperature
(200–300 ml per spinal cord). The buffer was replaced with ice-cold
orking strength TdT enzyme solution (Oncor) (150–300 ml per
pinal cord), and rotated for 12 h at 4°C, followed by 2 h at 37°C.
he reaction was terminated by rotating the spinal cords in
popTag stop solution (Oncor) for 40 min at 37°C. The spinal cords
ere washed with more than six changes of TBST (0.14 M NaCl, 10
M KCl, 25 mM Tris pH 7.0, 0.1 % Tween 20) for 12 h at 30°C.
ndogenous alkaline phosphatase was inactivated by incubating
he spinal cords in TBST for 20 min at 65°C. The spinal cords were
hen incubated in blocking solution (10% goat serum, 1% BSA in
BS) for more than 2 h at 30°C, followed by incubation with
lkaline phosphatase-conjugated anti-digoxigenin antibody (dilu-
ion 1:2000; Roche Diagnostics) in blocking solution overnight at
0°C. They were then extensively washed with more than eight
hanges of MAB (100 mM maleic acid, 150 mM NaCl, pH 7.5)
vernight at 30°C. The spinal cords were washed briefly with
TMT (100 mM Tris, pH 9.5, 100 mM NaCl, 50 mM MgCl2, 0.1%
Tween 20), and staining was developed using 0.14 mg/ml
p-nitrotetrazolium blue chloride and 0.055 mg/ml 5-bromo-4-
chloro-3-indolyl-phosphate (Roche Diagnostics) in NTMT at room
temperature. The reaction was stopped by replacing the solution by
PBS, followed by 4% paraformaldehyde in PBS. The spinal cords
were flattened into “open-book” preparations in 2% paraformalde-
hyde 50% glycerol in PBS. All data presented in this report are
based on the analysis of at least five embryos at each stage of
development.
Whole-mount immunostaining. Dissection, fixation, dehydra-
tion, and rehydration steps were identical to those described for
whole-mount TUNEL labeling. After rehydration, endogenous al-
kaline phosphatase was inactivated by incubating the spinal cords
in PBS for 20 min at 65°C. The spinal cords were blocked with 2%
BSA, 5% goat serum, 0.5% Triton X-100 in PBS for 24 h at 4°C with
s of reproduction in any form reserved.
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62 Yamamoto and Hendersongentle agitation. They were then rotated in 2% BSA, 5% goat
FIG. 1. Whole-mount TUNEL labeling faithfully reflects neurona
nd ages were processed for whole-mount TUNEL and then mount
n the middle of each sample. The most lateral part of the object rep
egion of E8 chicken embryo. Note symmetrical labeling of nuclei o
f motoneuron PCD. (B) Control preparation of E8.0 chicken lumba
mitted. (C) Whole-mount TUNEL labeling of the spinal cord of an
E7.0. Note massive increase in number of TUNEL-positive nuclei o
cord. Motoneuron PCD is nearly finished by this stage, and so few
embryo whose right forepaw had been removed in utero 24 h earlie
as been caused by axotomy.serum, 0.1% Triton X-100 in PBS containing 2D6 and 4D5 anti-
bodies to Islet 1/2 (Developmental Hybridoma Bank, University of
Copyright © 1999 by Academic Press. All rightIowa, Ames, IA) for 3 days at 4°C. The spinal cords were then
rammed cell death. Dissected spinal cords of the indicated species
ith their ventral face toward the objective. The floor plate appears
ts the lateral limit of the ventral horns. (A) Labeling of the lumbar
h sides of spinal cord. Labeling is relatively sparse at this late stage
d, in which all steps were performed as in (A), except that TdT was
chicken embryo whose right hind limb bud was ablated in ovo at
erated side (left). (D) Brachial spinal cord of an E15.5 mouse spinal
NEL-positive profiles are seen. (E) Spinal cord of an E15.5 mouse
te discrete and localized pool of motoneurons (arrow) whose deathl prog
ed w
resen
n bot
r cor
E8.0
n op
TUwashed four times with 2% BSA, 0.1% Triton X-100 in PBS for 24 h
at 4°C. After washing, the spinal cords were incubated with 2%
s of reproduction in any form reserved.
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63Patterns of Motoneuron Programmed Cell DeathBSA, 2% goat serum in PBS containing alkaline phosphatase-
conjugated donkey anti-mouse IgG (dilution 1:2000) (Jackson Im-
munoResearch Laboratories, Inc) for 24 h at 4°C. Washing, stain-
ing, and mounting procedures were as for whole-mount TUNEL
labeling.
Double labeling of whole-mount preparation of spinal cord.
The procedures from dissection to blocking are described in whole-
mount TUNEL labeling. After blocking, the spinal cords were
incubated with the blocking solution containing biotin-SP-
conjugated monoclonal mouse anti-digoxigenin (dilution 1:1000)
(Jackson ImmunoResearch Laboratories, Inc) and 2D6 and 4D5
antibodies to Islet 1/2 for 2 days at 4°C. The spinal cords were
washed four times with 2% BSA, 0.1% Triton X-100 in PBS for
more than 8 h at 4°C. After washing, they were incubated with 2%
BSA, 2% goat serum in PBS containing Cy3-conjugated donkey
anti-mouse IgG (dilution 1:1000; Jackson ImmunoResearch Labo-
ratories, Inc) and Cy2–streptavidin (dilution 1:500; Amersham) for
2 days at 4°C. The spinal cords were extensively washed with more
than eight changes of MAB overnight at 30°C. The spinal cords
were flattened into open-book preparations in MAB and analyzed
by confocal microscopy.
Limb ablation in chicken embryos. Windows were made in the
shells at E2.0 and then sealed, and eggs were returned to the
incubator where they remained unturned until the time of sacri-
fice. At E7.0, the vitelline membrane, chorion and amnion were
pierced using fine forceps so as to reduce bleeding. One hindlimb
was cut off at the base of the limb with the fine forceps. Following
the operation, the window in the egg was sealed and the eggs were
reincubated for 24 h, and the embryos were sacrificed at E8.0 for
whole-mount TUNEL labeling. About one-half of the embryos died
as a result of bleeding, but the 10 surviving embryos were analyzed
in this study.
Forepaw ablation in mouse embryos. Pregnant mice at day
14.5 were anesthetized by intraperitoneal injection of 20 ml/100 g
malge`ne R (Rhoˆne-Me´rieux, France) and 5 ml/100 g of 2% Rompun
(Bayer, Germany). The abdomen was opened and, to reduce the
ntraabdominal pressure, one uterine horn containing embryos was
emoved after ligating the blood vessels. The muscle layer of the
FIG. 2. Most TUNEL-positive nuclei in developing spinal cord r
whole-mount preparations of the sacral region of E14.5 mouse emb
labeling (B). (C) Superposition of confocal images shows that all dyther uterus was peeled off keeping the blood supply intact, and the
mnion sac was pierced using a tungsten needle. Fine forceps were
Copyright © 1999 by Academic Press. All rightntroduced through the slit and the forepaw was removed on one
ide. Two embryos were operated in each litter. After operation, the
bdomen was closed by suture. One day later, mice were sacrificed
nd embryos processed for whole-mount TUNEL labeling. About
0% of the operated embryos survived, and three embryos were
nalyzed in this study. All manipulations were performed in
bservation of European Community and national guidelines (Min-
stry of Agriculture Permit No. 00627).
RESULTS
Whole-Mount TUNEL Allows Reliable
Visualization of the Pattern and Timing
of PCD in Spinal Cord
Existing protocols for TUNEL labeling (Gavrieli et al.,
1992; Hensey and Gautier, 1997; Smith and Cartwright,
1997) gave satisfactory staining of the cervical region of
whole E4.5 chicken spinal cord, but more caudal regions
and later stages were not labeled (not shown). We therefore
first developed conditions in which the long incubation
times required for whole-mount analysis could be recon-
ciled with the relative instability of the TdT enzyme (see
Materials and Methods). Since we were interested in cell
death within the central nervous system, we first dissected
spinal cords and carefully removed meninges before fixing
and processing them. They were always photographed as
open-book preparations viewed from the ventral side, with
the floor-plate in the middle of the specimen. Depending on
the extent to which each sample could be flattened, the
most lateral part of the object in these views represents
either the lateral limit of the ventral horns or the dorsal part
of the spinal cord. Using this technique on dissected E8.0
chicken spinal cord (Fig. 1A), nuclei with apparently apo-
ptotic morphology were intensely labeled as a scattered
ent dying motoneurons. Confocal micrographs of double-labeled
stained using antibodies to Islet 1/2 (A) and whole-mount TUNEL
ells are motoneurons.eprespopulation symmetrically on either side of the midline, in
the ventral horns. The labeling reflected the presence in
s of reproduction in any form reserved.
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64 Yamamoto and Hendersonthese nuclei of free 39 DNA ends, since when all steps were
erformed with the omission of TdT, no staining was
bserved (Fig. 1B).
The relatively sparse labeling at E8 either could reflect
he fact that PCD of lumbar motoneurons is soon to end or
ould reflect poor diffusion of reagents within relatively
ature tissue. In order to trigger higher levels of PCD
ithin the same tissue, we therefore performed limb abla-
ion in ovo on E7.0 chicken embryos and, 24 h later, fixed
nd processed the spinal cords. Motoneuron axotomy at
mbryonic stages is known to lead to rapid cell death
Oppenheim et al., 1990). TUNEL staining was massively
ncreased on the operated side of these embryos (Fig. 1C),
emonstrating that whole-mount TUNEL faithfully re-
ects cell death and that the size of the E8.0 spinal cord is
ot a barrier to diffusion of enzyme or antibodies.
In order to confirm that newly labeled motoneurons were
indeed those that were axotomized, and that this did not
reflect a systemic effect, we performed axotomy on a more
discrete population of motoneurons by removing the right
forepaw of an E14.5 mouse embryo under anesthesia in
utero (see Materials and Methods). At E15.5 in normal
mouse spinal cord, little TUNEL labeling remains (Fig. 1D).
One day after the operation (i.e., at E15.5), a small pool of
motoneurons in the region of the brachial spinal cord
corresponding to the forepaw showed strong TUNEL stain-
ing on the operated side (Fig. 1E).
Thus, our TUNEL labeling method may be used to
visualize local patterns of cell death in whole-mount prepa-
rations of even relatively mature spinal cord.
TUNEL-Positive Cells Are Motoneurons
At the ages studied, all TUNEL signal observed was in the
ventral part of the spinal cord (not shown). To confirm that
the patterns observed correspond to death of motoneurons
and not other cell types, dissected spinal cords from E14.5
embryos were doubly labeled for TUNEL and using anti-
bodies to the motoneuron marker Islet 1/2 (Fig. 2). The
sacral region of these samples was analyzed by confocal
microscopy. Many Islet-positive motoneuron nuclei could
be detected in a typical plane of section, but only a small
proportion of these showed the shrunken morphology char-
acteristic of apoptosis (Fig. 2A). TUNEL-labeled nuclei were
also clearly visible on the same section (Fig. 2B). Superim-
position of the two fluorescent images showed that these
nuclei were Islet positive (Fig. 2C). Nearly all (.95%)
TUNEL-positive nuclei were immunoreactive for Islet, sug-
gesting that under these conditions whole-mount TUNEL
was essentially monitoring motoneuron death. Similar re-
sults were obtained in the cervical region of E11.5 mouse
embryos (not shown).
Subpopulations of Motoneurons in the Embryonic
Rodent Spinal CordOur major aim was to determine to what extent the
pattern, timing, and extent of motoneuron PCD in the
Copyright © 1999 by Academic Press. All rightpinal cord differed between the best-studied model in this
espect, the chicken embryo, and the rodent species, about
hich information is more scarce. The complexity of the
otoneuron population is considerable, even in the early
mbryo (Tanabe and Jessell, 1996). In order to correlate our
bservations on motoneuron PCD with the position of the
ifferent motoneuron pools in the rodent spinal cord, we
rst used whole-mount immunohistochemistry with anti-
odies to Islet 1/2 (Fig. 3). In this open-book preparation, the
edial motor columns, presumably innervating proximal
nd axial muscles, are visible at all rostrocaudal levels (Fig.
A). Thoracic medial columns contain at least two longi-
udinal subpopulations, and sacral motoneurons are in-
ensely stained. The limb-innervating segments contain
ultiple complex groups and columns of motoneurons (Fig.
B). It is not possible with current knowledge to assign a
arget muscle to individual pools thus visualized, but we
sed this distribution as a means of comparing cell death
etween different stages and species. In particular, with
resent knowledge it is not unambiguously possible to
ssociate the columns we observe with those defined using
he terminology adopted for cross-sections of chicken and
odent embryos (see Tanabe and Jessell, 1996). However,
ne may suppose that the most medial columns in our
ample are part of the MMC (medial motor columns) and
he more lateral columns at limb levels constitute the LMC
lateral motor columns). Although it is customary to refer
o all the motoneurons rostral to the thoracic segments in
odents as “cervical,” we have chosen here to reserve this
erm for the motor columns that are clearly rostral to the
orelimbs and to use the term “brachial” for the complex
rray of motor columns that lie at forelimb level.
We performed a systematic study using whole-mount
UNEL on chicken embryos between E4.5 and E9.0, on
ouse embryos between E11.5 and E15.5, and on rat
mbryos between E13.5 and E16.5. The results are summa-
ized in schematic form in Fig. 4 and will be discussed
elow. Some of the more significant findings are illustrated
n Figs. 5 and 6.
Cervical Motoneurons Die First
and Sacral Die Last
Because motoneurons in spinal cords are born in a rostro-
caudal gradient (Hollyday and Hamburger, 1977), and since
there is a correlation between birthdate and the acquisition of
trophic dependence (Mettling et al., 1995), a general rostrocau-
dal trend in the starting and finishing dates of motoneuron
PCD was expected. In all three species, the first motoneurons
to die were indeed located at the extreme cervical end of the
spinal cord (Figs. 4, 5A, and 5B). This death was already
apparent by TUNEL staining at the earliest stages analyzed:
E4.5 in the chick as previously reported (Yaginuma et al.,
1996), E11.5 in mouse, and E13.5 in rat.
At the latest stages we could reliably examine using whole-
mount TUNEL (E9.0 in chick, E15.5 in mouse, and E16.5 in
rat), there was an intense wave of motoneuron PCD in the
s of reproduction in any form reserved.
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65Patterns of Motoneuron Programmed Cell Deathsacral region of the spinal cord in all three species (Figs. 4 and
5C–E). Moreover, in mouse and rat, there was a rostrocaudal
progression of motoneuron PCD even within the sacral re-
gion. In mouse, the most rostral of the sacral motoneurons
start to die at E13.5 (Fig. 5C), the intermediate zone of the
FIG. 3. A whole-mount preparation of E15.5 rat spinal cord labe
opulations. In these “open-book” preparations, the most lateral
ow-power micrograph of the whole spinal cord clearly showing hig
s opposed to non-limb-innervating (cervical, thoracic, sacral) level
agnification showing discrete nuclear labeling at the cellular levelsacral segments stains intensely at E14.5 (Fig. 5D), and finally
caudal sacral motoneurons start to die at E15.5 (Fig. 5E).
Copyright © 1999 by Academic Press. All rightExceptions to Rostrocaudal Progression of
Motoneuron PCD
The progression of motoneuron PCD among segments is
not strictly rostrocaudal. After cervical motoneuron cell
sing an antibody to Islet 1/2 to visualize the major motoneuron
of the object represents the dorsal part of the spinal cord. (A) A
omplexity of motor columns at limb-innervating (brachial, lumbar)
A high-power view of the labeling of the brachial region at higher
clear grouping of motoneurons into a complex array of motor pools.led udeath, PCD started at thoracic levels and in a brachial
subpopulation in rat (Figs. 4C and 6C), whereas in chick the
s of reproduction in any form reserved.
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66 Yamamoto and Hendersonnext TUNEL labeling was observed in the lumbar cord (Fig.
4A). In both species, this leads to a characteristic situation
in which a TUNEL-negative zone corresponding to the
forelimb-innervating region is apparent (Figs. 5F and 6C).
We did not observe a similar delay in brachial motoneuron
death in the mouse (Fig. 4C). Another observation already
reported in chick (Laing, 1982; Oppenheim and Majors-
Willard, 1978) is that wing-innervating motoneurons die
later on average than the more caudal motoneurons inner-
vating the leg (Fig. 4A). We did not find any evidence for a
corresponding inversion of the rostrocaudal gradient be-
tween limb-innervating regions in either mouse or rat (Figs.
4B and 4C).
Mediolateral Progression of Motoneuron PCD
Even at a given rostrocaudal level, different motoneuron
pools may have a quite different developmental history. For
instance, in chick, the late-born motoneurons migrate
through earlier populations in the lateral motor column to
settle more laterally and to innervate the dorsal muscle
masses (Hollyday and Hamburger, 1977; Sockanathan and
Jessell, 1998). We compared the timing of cell death be-
FIG. 4. Schematic representation of the pattern and timing of m
mbryonic development of chicken (A), mouse (B), and rat (C). No
f cell death from two successive embryonic stages. Colors differe
ensity of TUNEL-positive nuclei were observed. The intensity of
ges for a given column, rather than between different columns at a
map based on the columns visible in Fig. 3 for rat. In reality, the
o species and as a function of embryonic age.tween medial and lateral populations at both brachial and
lumbar levels. At brachial level in all species, TUNEL
Copyright © 1999 by Academic Press. All rightabeling began and ended earlier in medial than in lateral
opulations (Fig.4). However, one more lateral subpopula-
ion at brachial level in rat started to die at the same age as
edial motoneurons (Fig. 6C, arrowheads). At lumbar lev-
ls, mediolateral progression of PCD was not so apparent as
t brachial level (Fig.4). This may in part be due to the fact
hat the medial and the lateral populations are superim-
osed in our open-book preparation at these later stages (not
hown).
DISCUSSION
Although the PCD of motoneurons is one of the best-
studied examples of neuronal elimination during normal
development, most of the published studies have concerned
chicken or amphibian embryos; the rare reports in mamma-
lian species have focused on one or two rostrocaudal levels.
Our initial aim in this study was to develop a technique
that would allow visualization of PCD in the spinal cord as
a whole at different embryonic stages and thereby to com-
pare the patterning of motoneuron cell death in chicken,
rat, and mouse. The whole-mount TUNEL technique has
neuron PCD as determined by whole-mount TUNEL during the
at each side of a given spinal cord is used to illustrate the pattern
e regions where a high (red), intermediate (blue), and low (yellow)
EL signals was scored based on the comparison between different
n age. Patterns of PCD at later stages in rodents are projected onto
t distribution and form of the motor columns varies from speciesoto
te th
ntiat
TUN
giveallowed us to point out important differences, as well as
points in common, between these species. It also provides
s of reproduction in any form reserved.
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67Patterns of Motoneuron Programmed Cell Deathan efficient method for detecting localized changes in PCD
FIG. 5. Rostrocaudal progression of the wave of naturally occurrin
begins early in all three species studied. The border between
Representative pictures are shown for: (A) E4.5 chick; (B) E11.5 mo
the sacral region in mouse at the following embryonic ages: (C) E13
during this period, the lumbosacral border is indicated in each cas
brachial levels, due to the fact that thoracic PCD starts immediate
columns (filled arrowhead) and thoracic spinal cord (arrow).in nervous tissue either following lesion or in mutant
mouse lines.
s
H
Copyright © 1999 by Academic Press. All rightThe DNA fragmentation that is revealed by TUNEL
toneuron cell death. (A, B) Motoneuron cell death in cervical region
ical and brachial segments is indicated by filled arrowheads.
(C–E) Rostrocaudal progression of motoneuron cell death through
) E14.5; (E) E15.5. Since the sacral spinal cord grows considerably
n open arrowhead. (F) Characteristic “gap” in TUNEL labeling at
er cervical. Illustrated here for E6 chicken; caudal limit of cervicalg mo
cerv
use.
.5; (D
e by ataining is not an obligatory step in programmed cell death.
owever, especially in developmental situations, it seems
s of reproduction in any form reserved.
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68 Yamamoto and Hendersonto be a reliable downstream reporter for the activation of
caspases and thus of programmed cell death. In motoneu-
rons in particular, this statement is supported by the fact
FIG. 6. Mediolateral progression of motoneuron PCD at a given ro
(A, B) and rat (C, D). (A). E12.0 mouse: note strong TUNEL signal
now situated in more lateral (l) columns. (C) E14.5 rat: motoneuro
labeling of thoracic spinal cord. Arrowheads indicate a more latera
between brachial and thoracic levels. (D) E15.5 rat: death of morethat TUNEL and motoneuron cell death are reduced in
parallel in Bax knockout mice (White et al., 1998). Further-
c
r
Copyright © 1999 by Academic Press. All rightore, in our confocal study (Fig. 2) no shrunken nuclei were
etected that were TUNEL negative. Finally, where our
ata are comparable with earlier work using direct cell
audal level. All examples illustrated are at brachial level in mouse
edial (m) columns. (B) E13.5 mouse: most dying motoneurons are
D is both medial and lateral at brachial levels, and there is strong
umn whose death begins early, and the arrow indicates the border
ally situated motoneurons has begun.stroc
in m
n PCounting, as for instance in the relative timing of motoneu-
on PCD at brachial and lumbar levels in chicken embryos
s of reproduction in any form reserved.
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69Patterns of Motoneuron Programmed Cell Death(Laing, 1982; Oppenheim and Majors-Willard, 1978), they
lead to identical conclusions. Whole-mount TUNEL label-
ing therefore provides a reliable means of monitoring mo-
toneuron cell death. It will be of interest to compare the
results obtained with those from emerging techniques for
visualizing dying cells, such as antibodies to activated
caspases (Srinivasan et al., 1998) or Jun-related molecules
(Ayala et al., 1999).
The principles underlying the protocol we developed do
not differ from those originally used to develop the TUNEL
technique (Gavrieli et al., 1992). However, in order to apply
this approach to whole mounts of more mature neural
tissue, we needed to introduce several modifications. The
first was the prior dissection of the spinal cord free of
meninges, which significantly enhanced the signal-to-noise
ratio. Second, we included a long incubation step at 4°C to
allow penetration of the TdT enzyme without concurrent
inactivation. Finally, since others have shown that protein-
ase K treatment can lead to a positive TUNEL signal in even
apparently healthy nuclei (Labat-Moleur et al., 1998), we
omitted this step. The relatively high cost of the whole-
mount approach should be weighed against the advantages
of being able to observe PCD in the spinal cord as a whole.
Indeed, the very nonhomogeneous pattern of PCD makes it
difficult to compare sections even at similar rostrocaudal
levels; this is one possible explanation for the report by
White et al. (1998) of a pause in motoneuron PCD in E13.5,
for which we could find no evidence in our samples.
How might the different timing of cell death in different
populations be regulated? One possibility is that this re-
flects for each population the stage at which levels of
neurotrophic factors become limiting. With our current
state of knowledge, it is difficult to evaluate this hypoth-
esis, given that the factors involved have not been defini-
tively identified (for a review, see deLapeyrie`re and Hender-
son, 1997). Another nonexclusive hypothesis is that each
subpopulation may have endogenous “survival properties”
that influence the timing of PCD (Mettling et al., 1993).
There is evidence that these properties may be linked to the
birthdate of each population. We previously showed that
late-born motoneurons were slower to acquire a require-
ment for trophic support in culture than the first motoneu-
rons generated and proposed that there might be a relatively
constant period of “trophic independence” between the last
mitosis and the onset of PCD (Mettling et al., 1995).
Recently, Gould et al. (1999) provided direct evidence from
tudies in the chick embryo that to a large extent, motoneu-
ons born early are the first to die. This hypothesis provides
relatively simple explanation for the rostrocaudal progres-
ion of PCD even within the lumbar (Williams et al., 1987)
r sacral (Figs. 5C–5E) regions of the spinal cord.
The fraction of motoneurons lost by PCD also varies
onsiderably from one population to another: in chick this
gure varies from 45% at lumbar levels (Hamburger, 1975)
o 70% at thoracic levels (O’Brien et al., 1990) and 85–90%
t cervical and sacral levels (Oppenheim et al., 1989;
aginuma et al., 1996). Between individual motoneuron
(
d
Copyright © 1999 by Academic Press. All rightools at limb-innervating levels, however, the percentage of
otoneuron loss is relatively constant. As previously
ointed out (Mettling et al., 1995), the staggered timing of
CD in even neighboring motoneuron populations may
ave important functional consequences in this context.
hus, if competition for limited stocks of trophic support
lays a role in determining motoneuron numbers, this
ompetition does not occur simultaneously between all
otoneurons. Availability of trophic factors, and expres-
ion of the corresponding receptors and downstream signal-
ng molecules, must therefore be exquisitely regulated both
emporally and spatially. Similar arguments may be applied
o the active killing mechanisms or endogenous cell death
egulators that are also potentially involved (Pettmann and
enderson, 1998).
Programmed cell death in the spinal cord, as detected by
UNEL labeling in this study and others (Wetts and
aughn, 1998; White et al., 1998; Yaginuma et al., 1996),
eems to be limited to motoneurons throughout the devel-
pmental period covered by the study. Most of these are
ikely to be somatic motoneurons, since autonomic mo-
oneurons undergo very little PCD (Wetts and Vaughn,
998). Thus, although interneurons of many different
lasses are born (and contact some of their targets) through-
ut this period, they do not begin their cell death until well
fter motoneuron numbers have reached their final levels in
at (Lawson et al., 1997) and do not die at all in chick
McKay and Oppenheim, 1991). These observations provide
further illustration of the fact that PCD is not just a
tandard step in the development of every neuronal popu-
ation, but is tightly regulated both temporally and quanti-
atively. This implies that the detailed mechanisms in-
olved may be different in different neuronal subtypes.
We believe that the present technique will also be widely
pplicable to the study of abnormal motoneuron PCD. For
nstance, several strains of mice in which genes for neuro-
rophic factors (e.g., GDNF) or their receptors (e.g.,
NTFRa, LIFRb) have been inactivated show increased loss
f motoneurons at birth, providing evidence that these
actors are indeed required for the normal survival of at
east some motoneurons (reviewed in deLapeyrie`re and
enderson, 1997). However, the analysis of these mutants
s in many ways incomplete. First, it is known that certain
otoneuron populations may be selectively affected, as in
he GDNF knockout, where lumbar and trigeminal, but not
acial, motoneurons are lost (Moore et al., 1996; Sanchez et
l., 1996). However, direct cell counting, although essen-
ial, is in practice only applicable to well-defined popula-
ions such as these. It will be interesting to determine
hether there are increased levels of TUNEL labeling at
ther rostrocaudal levels not thus far investigated in such
utants. Second, the reduction in motoneuron numbers at
irth may not in every case reflect increased motoneuron
CD during the normal cell death period. Alternatives are
he generation of reduced initial numbers of motoneurons
and therefore normal or reduced levels of PCD) or cell
eath of motoneurons outside the normal cell death period.
s of reproduction in any form reserved.
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70 Yamamoto and HendersonThe whole-mount TUNEL technique should provide a rapid
means of distinguishing between these alternatives. Hope-
fully, direct identification of the motoneuron pools visual-
ized in whole-mount preparations will soon be feasible
through the combined use of retrograde labeling and the use
of motor pool-specific markers (Lin et al., 1998). It should
then be possible to map precisely the biological action of
neurotrophic factors within this complex population.
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